This paper presents the performance of a new magnetorheological elastomer-based semi-active/passive variable stiffness and damping isolator (VSDI) in a scaled building system. The force of the VSDI can be controlled in real time by varying the applied magnetic field. To demonstrate the performance of the VSDI, four prototypes are built and utilized in a scaled three-story building. A Lyapunov-based control strategy is employed and it is demonstrated that it works well for the scaled building system under the scaled El Centro earthquake motion. Experimental results show that the VSDIs significantly reduce the acceleration and relative displacement of the building floors.
Introduction
Base isolation can reduce seismic vibration and prevent damage to structures. Semi-active vibration absorbers can potentially outperform other forms of isolators if their mechanical properties are tuned with a controller [1] . Most semi-active isolators are intended to mitigate vibrations by changing either the stiffness or the damping or both in structures. Semi-active vibration absorbers could potentially be an option in structural control [2] [3] [4] [5] [6] . Controllable, semi-active isolation systems can simultaneously reduce the acceleration and displacement of a structure [7] , but reliability issues may limit their application for civil structures [8] . Most conventional variable stiffness devices are mechanical devices [1, 9] or hydraulic systems [6, 10, 11] with inherent disadvantages, such as delayed response, complex structure and liquid leakage. A magnetorheological elastomer (MRE)-based isolation system may address some of these issues.
MRE is a composite material composed of dispersed micron-size magnetizable particles embedded in an elastomeric medium. MREs can operate in a wide range of frequencies and tolerate large shear deformations. MREs have a very fast response time of the order of milliseconds [12] . Furthermore, MRE-based devices do not have leakage and sedimentation issues. MREs have theoretically been shown to be effective is vibration isolation of structures [13] . MREbased devices have been used as the controllable semi-active elements in vibration isolation applications including adaptive tuned vibration absorbers (ATVAs) [14] [15] [16] , dynamic vibration absorbers for multiple story building structures [17] , vehicle seat vibration isolators [18] and engine vibration isolators [19] since they can increase the natural frequency of the system by over 100% [20] . Recently, MRE-based systems have been used for base isolation of scaled structures [21] . It is shown that in a full-scale MRE-based isolator the stiffness increases by up to 38% [22] .
Utilization of an MRE-based device without a controller may not be beneficial for all frequency bands. A controller can tune performance based on the input vibration and minimize the transferred shock or vibration to the structure. Different control strategies, including optimal control [23] [24] [25] , maximized energy dissipation with discretized on-off control [26] , skyhook [24] , LQG controllers [27] , Lyapunov-based strategies [26, 28, 29] , and a turbo-Lyapunov controller [30] , have been implemented to control MRF dampers, but limited studies have been conducted on the control of MRE-based systems. Different active and semi-active control strategies for structural control of a benchmark building have been proposed for design purposes [31] . Jansen et al [26] compared different control strategies and found that Lyapunov and clipped optimal control are effective strategies for semi-active structural control. In a recent theoretical work, an MRE isolation system has been implemented in a scaled structure with a fuzzy logic control strategy [21] . Also, it is shown that on-off control is effective for MRE-based isolation systems [32] .
In this study, a three-story scaled building isolated with four variable stiffness and damping isolators (VSDIs) is theoretically and experimentally investigated. A previously developed model along with the state-space equations of the scaled building are used to develop a feedback control loop. The Lyapunov-based control strategy is suggested for this work and the control parameters are tuned using simulation of the controlled isolated scaled building. The simulation results demonstrate the advantage of using VSDIs for base isolation of the scaled building. Finally, a three-story scaled building supported by four VSDI isolators is designed, built and tested under the scaled El Centro EW seismic input. The control strategy is applied to the base isolators to verify the applicability of the proposed model and the control strategy for reducing the acceleration and displacement response of the scaled structure.
Dynamic performance of the VSDI
The fail-safe design of the VSDI consists of two thick low-carbon steel caps each embedded with two electromagnets to generate a closed-loop magnetic field [33] . There are 800 turns in each coil and the input power to each VSDI is 234.2 W at 4 A. Steel shims, rubber and MRE are placed between the two thick steel plates to maintain the resemblance with traditional steel rubber bearings and provide the fail-safe feature. The shear stiffness of MRE increases due to an increase in the magnetic field, thus increasing the stiffness of the VSDI. To demonstrate the capability of the VSDIs for base isolation, dynamic shear experiments are performed using shake table tests as shown in figure 1. Constant acceleration tests with the sinusoidal swept frequency technique are used to study the dynamic stiffness and damping change of the VSDI. By measuring the frequency response of the VSDI, the transmissibility and phase angle difference of the input and output acceleration versus sweeping frequency for different input electric currents are obtained.
The transmissibility and phase angle difference of input and output acceleration under different input currents are shown in figure 2. As shown in figure 2(a), increasing the input electric current increases the natural frequency and hence the stiffness of the VSDI. Figure 2 (b) shows the increase in the phase angle with input electric current which shows the damping increase in the VSDI. The experimental results demonstrate that the VSDIs are capable of simultaneously increasing their dynamic stiffness and damping by 30% and 10%, respectively [34] .
To use the VSDIs along with a control system, their force-displacement relationship is developed using a phenomenological model [33] . The model is used to predict the force exerted by the VSDIs and the parameters of the model are identified from experimental data. The model can take into account the effect of the field-dependent stiffness along with the damping and hysteresis behavior of the MRE.
The isolated scaled building
To demonstrate the feasibility of utilizing the proposed VSDI for structural control, four prototype VSDIs and a 1:16 scaled three-story building with adjustable mass are fabricated. The three-story scaled building is fixed to the upper parts of the VSDIs and the VSDIs are installed on a Ling Dynamic Systems shake table. The total weight of the structure and the four top caps of the VSDIs is 68 kg. All masses and dimensions are scaled down with appropriate scaling factors based on the design procedures [35] . The first mode frequency of the isolated scaled building can be shifted from 11.59 to 13.39 Hz with 2 A input current, which corresponds to a 32.78% increase in the stiffness of the system. A photo of the experimental setup is shown in figure 3 . Four accelerometers with a maximum range of ±2g are calibrated and installed on the three floors of the scaled building and the slip plate.
The governing equations of the system are
where
Here, M is the mass matrix, C is the damping matrix, K is the stiffness matrix of the building andẍ g is the ground acceleration. The mass of the first floor with the four VSDIs' top parts is m 1 = 28 kg and the rest of the floors are m 2 = m 3 = 20 kg. k 1 is zero since it is already considered in the force modeling of the VSDIs. k 2 and k 3 are equal to 1.01 × 10 6 N m −1 . Similarly, the damping c 1 is considered to be zero and the damping c 2 = c 3 = 18 N s m −1 is obtained from the damping of the structural steel. 
Lyapunov-based controller
Increasing the damping and stiffness of the VSDIs in a passive manner may not be beneficial for seismic response reduction of the scaled building during all types of seismic events. An appropriate control strategy with the ability to tune the properties of the VSDIs may ensure better response for different seismic conditions. Acceleration inputs are selected as inputs for the controller since acceleration measurement is more manageable than displacement measurement especially during a seismic event [23] . The remaining variables for the control application including displacements and forces can be computed from the acceleration measurements using appropriate data acquisition and filtering techniques. Before testing, the accuracy of the derived variables is verified with displacement sensors. The state-space equation of the three-story scaled building can be written as follows:
The state vector z is defined as z = [x 1 , x 2 , x 3 ,ẋ 1 ,ẋ 2 ,ẋ 3 ] T and
For the present application, a Lyapunov-based control strategy is used since it is robust and time delay does not affect it [36] , it can minimize transferred energy to the structure and can be used for both linear and nonlinear systems. The Lyapunov function can be expressed as
where R is the solution of the following equation:
Therefore, the derivative of the Lyapunov function for the isolated scaled building can be written aṡ
The following equation, which defines the input voltage base on the force measurement, can minimize theV (z) [26] :
where H is the Heaviside step function and the matrix R contains the control tuning factors. The scaled building equations along with the VSDI force modeling in SIMULINK are used to simulate the control testing. The control voltage from equation (8) is fed to the current-dependent stiffness, damping and hysteresis sub-models to control the VSDI behavior. 
Simulation of the controlled isolated scaled building
A SIMULINK model combined with a MATLAB code is developed to implement the state-space equations of the building. The SIMULINK model shown in figure 4 is used for both simulation and experiments. The difference is in the acceleration time history which is generated by computer for the simulation and is measured via accelerometers for the experiments. Also, the control signal is fed to the power supplies in the experiments. The Lyapunov control strategy is implemented in the controller part of the model. The controller needs to be tuned with appropriate R values to achieve the largest reduction in accelerations and displacements.
To obtain the appropriate R values through simulation, the scaled El Centro EW seismic excitation is applied as the input to the model. The El Centro earthquake is selected since it consists of a wide frequency range. Using a MATLAB code, the 1:16 scaled seismic acceleration excitation and its power spectrum density are obtained for input to the simulation and experiments, as shown in figure 5 . As can be seen, the maximum power spectrum density of the scaled El Centro EW excitation occurs at about 7 Hz, which is close to the frequency of the first mode of the isolated structure (11.59 Hz). An appropriate control strategy has the potential to significantly reduce the response of the scaled building and potentially a full-scale structure.
The simulation results of the comparison between controlled and passive isolators are shown in figure 6 . Since the highest floor usually has the maximum acceleration and displacement, only the third floor results are presented here. It is demonstrated that controlling the VSDIs can simultaneously reduce the maximum displacement and the acceleration of the third floor, and hence the entire scaled building. With the present controller design, the maximum acceleration of the third floor is reduced by 22% while the maximum displacement is reduced by 58%, theoretically.
Experimental study
The controller design, which is derived from the control simulation, is used to control the VSDIs. The control signal turns the power supplies on and off and controls the mechanical properties of the VSDIs. The scaled El Centro EW is input to the shake table. The calculated power spectrum density (PSD) for the shake table input may generate slightly different acceleration in the shake table. Also, the results of the experiments can vary from the simulation because of the VSDIs and the scaled building fabrication process. As shown in figures 7 and 8, the application of passive VSDIs reduces the maximum acceleration of the third floor of the scaled building while it increases the maximum displacement compared to the fixed base condition. The on-state VSDIs reduce the maximum acceleration and displacement compared to the passive state. Finally, controlling the VSDIs reduces the maximum acceleration while increasing the maximum displacement compared to the on-state. This indicates that the controlled state results in reduction of acceleration and displacement. Another advantage of using the control strategy is less power consumption compared to the on-state, since the integration of the control signal shows that 17% less power is consumed by the controlled VSDIs compared to the on-state. The present control strategy absorbs the transferred energy by slightly increasing the displacement of the structure. To better understand the performance of the VSDIs and the control strategy, the acceleration and displacement PSDs of the third floor are explored. PSDs can be used to demonstrate the absorption of energy in different VSDI conditions. The PSD of the third floor acceleration is shown in figures 9(a) and (b) shows the PSD of the third floor displacement. As can be seen, the on-state reduces the transferred power compared to other cases, because the VSDIs consume and absorb maximum power and energy in this case.
Maximum relative acceleration and displacement as well as absolute acceleration and displacement also help in understanding how the controller functions. Figure 10 (a) demonstrates that the control strategy reduces the maximum relative acceleration of the floors and figure 10(b) shows that this is possible by slightly increasing the maximum relative displacement of the floors. As can be seen in figure 11(a) , as the floor number increases, the controlled condition shows better results for acceleration reduction, while in figure 11(b) the displacements of the floors remain almost constant for the on-state and controlled conditions.
To summarize, table 1 lists the maximum acceleration and displacement reductions as percentages. It should be noted that the size, number of floors and control strategy are different in this research from the research it is compared to [21] .
Summary and conclusions
A previously developed phenomenological model is used to predict the behavior of MRE-based VSDIs. In this study, that model along with the equations of motion are utilized to develop a Lyapunov-based control strategy for seismic control of a 1:16 scaled three-story structure. The scaled building response is simulated using a model of the semi-actively isolated scaled building to tune the controller. The feedback controller is optimized to achieve maximum reduction in acceleration and displacement of the scaled building using simulations. The simulation results demonstrate reduction in both acceleration and displacement of the structure by implementing the designed controller. A 1:16 scaled threestory building supported by four VSDI isolators is designed and fabricated for the experimental study. The control scheme with the tuned values is utilized for the VSDIs subjected to the scaled El Centro EW input motion. Comparisons of fixed base, off-state, on-state and controlled VSDI conditions show that passive VSDIs significantly reduce the acceleration while slightly increasing the displacement. Therefore, the fail-safe characteristic of the VSDIs ensures that in the event of a power outage, the VSDIs operate in the passive mode. The on and controlled states reduce the maximum acceleration and displacement more than the passive state. Moreover, less power is consumed by the controlled VSDIs compared to the passive on-state. Therefore, controlled VSDIs are desirable since their performance is close to the on-state while being more energy efficient. Comparison of maximum acceleration and displacement of different floors shows that by controlling the VSDIs, the acceleration is reduced at the cost of a small increase in the displacement.
